dorsolateral edge of the neural tube and migrate along specific pathways to various destinations where they Introduction differentiate into many different cell types, including neurons and glia of the peripheral nervous system, conMorphogenesis in the embryo is controlled by signals nective and skeletal tissue of the head, and melanocytes from the cellular environment, generated as a result of of the skin. In the head region, neural crest cells delamipatterning processes at work in the early embryo. Eph nate from the segmented hindbrain and migrate as segreceptors and their ligands, the ephrins, appear to lie mental streams into the branchial arches (Kontges and functionally at the interface between patterning and Lumsden, 1996). In Xenopus embryos, ephrinB2 and its morphogenesis, because they regulate many of the dycognate receptors EphB1 and EphA4 are expressed in namic changes that occur during this embryonic phase, adjacent neural crest streams and underlying mesoincluding cell migration, axon guidance, and angiogen- ses were still missing.
Here, we describe the phenotype of knockin mutant mice in which endogenous ephrinB2 was replaced by mutant ephrinB2 lacking its cytoplasmic part (ephrinB2 ⌬C ). EphrinB2 ⌬C is functionally restricted to induce forward signaling by Eph receptors on adjacent cells, but is no longer able to exert reverse signaling via its cytoplasmic inserted a cDNA encoding either full-length wild-type Figure 2K ). This reand 1G). Again, freshly dissected ephrinB2 WT/WT embryos ( Figure 1E ) displayed no growth retardation or developsult confirmed the ability of ephrinB2 to activate its receptor on adjacent cells independent of the ligand mental defects and were indistinguishable from control ephrinB2 WT/ϩ or wild-type littermates (not shown). cytoplasmic domain.
Expression of EphrinB2 and Its Receptors The EphrinB2 Cytoplasmic Domain Is Not Essential for Cell Surface Localization in Branchial Arches and Cranial Neural Crest Cells and Eph Receptor Activation
To exclude that severe defects of ephrinB2 ⌬C/⌬C mutants As shown in Figure 2 , branchial arches are prominent sites of ephrinB2 expression in the early mouse embryo were due to lack of expression from the knockin allele, we investigated expression of the truncated transmemand branchial arch morphogenesis is defective in ephrinB2 null mutants (see below). We therefore anabrane ligand in mouse embryos. By in situ hybridization with an antisense RNA probe, expression of ephrinB2 lyzed in more detail the expression of ephrinB2 and its receptors in branchial arches. By staining with EphB4-was easily detectable in forebrain, hindbrain, branchial arches, dorsal aorta, and aortic arches of E9.5 (18-25 AP fusion protein, ephrinB2 protein was detected in the branchial arch region already at E8.5, where it was most somites) wild-type animals ( Figure 2A ). Very similar expression patterns and levels were seen in ephrinB2 WT/WT pronounced in the cleft area between arches 1 and 2, a contact zone between surface ectoderm and foregut and ephrinB2 ⌬C/⌬C mutants, whereas no signal above background levels was detected in ephrinB2 knockout endoderm ( Figure 3A) . Sectioning identified surface ectoderm as the primary source of ephrinB2 ( Figure 3B ). embryos ( Figures 2B-2D ). We used a fusion of the aminoterminal EphB4 receptor ectodomain and alkaline Likewise, ephrinB2 mRNA could be detected by in situ hybridization in branchial arch surface ectoderm and in phosphatase (EphB4-AP) to detect ephrinB2 protein, which appears to be the only known ligand for this readjacent mesenchymal cells in E9.5 embryos ( Figure  3C ). Ectoderm and gut endoderm form the pocket-like ceptor (Wilkinson, 2000) . Specific staining in E9.5 wildtype embryos was most prominent in hindbrain and structure of the branchial arch that is subsequently populated by migrating mesodermal and cranial neural crest branchial arches ( Figure 2E ) and completely absent in ephrinB2 null mutants ( Figure 2H Figure 3H) ; signals for ephB1 in the same EphrinB2 protein can be detected in embryo lysates by immunoblotting with an anti-ephrinB2 antibody after area were present, but much weaker ( Figure 3F ). In contrast, we failed to see expression of EphB2lacZ fusion pull down with wheat germ agglutinin (WGA), a lectin that binds the N-acetyl-␤-D-glucosamyl residues of glyprotein (Henkemeyer et al., 1996) on these cell streams ( Figure 3G ). Instead, EphB2 was expressed in the trigemcosylated cell surface proteins. Although numerous bands of different molecular weights were recognized inal ganglion (V) and the nervus vagus (VII), which are derived from a different neural crest cell population (Figby this procedure, ephrinB2 was identified as several ure 3G). These results indicated that at least three recepderm around its interface with foregut endoderm ( Figure  3K ). These ephrinB2-positive regions appeared to be tors, EphA4, EphB1, and EphB3, are expressed at the right time in cell populations, which migrate along a path avoided by cranial neural crest cells ( Figure 3L ). Indeed, sections of embryos stained by whole-mount in situ outlined by ephrinB2-expressing cells.
In the dorsal neural tube, prominent ephrinB2 expreshybridization confirmed that ephrinB2 and crabp1 expression were mutually exclusive ( Figures 3M and 3N Figures 4A and 4B) . Interestingly, in homozygous ephrinB2 null mutants, the 4L). Vessel lumina were clearly visible in sectioned ephrinB2 ⌬C/⌬C and control embryos, consistent with the second (hyoid) arch was either absent or reduced in size (34% and 55%, respectively; n ϭ 58; Figure 4D ). This results of the anti-PECAM1 staining ( Figures 4I-4K) . Thus, the truncated ephrinB2 ⌬C protein rescued the defect was most prominent in the central part and less pronounced in the distal and proximal regions of the branchial and aortic arch defects seen in ephrinB2 null mutants. arch. In contrast, normal formation of branchial arches was observed in 92% of ephrinB2 ⌬C/⌬C homozygotes (8% reduced in size; n ϭ 61), despite their general growth Early Branchial Arch and Neural Crest Formation in ephrinB2 Mutants retardation, which was very similar to ephrinB2 knockouts ( Figure 4C ). At this stage of development, pairwise
We next analyzed the time course and attempted to identify possible causes for cranial defects in ephrinB2 sets of blood vessels (aortic arches) have normally formed inside each pair of the three branchial arches to null mutants. At E8.5, branchial arch morphology of ephrinB2 KO/KO mutants was devoid of obvious defects direct the blood flow from the heart to the aorta. We used whole-mount immunohistochemistry with anti-PECAM1 and appeared similar to control or ephrinB2 ⌬C/⌬C embryos. Ecto-/endodermal contact zones in the pouch antibodies to visualize the endothelial lining of aortic arches and other blood vessels. Stained vessels were region between the first and second arch were clearly visible as well as first arch arteries ( Figures 5A-5C ). clearly visible in the hyoid arches of control (wild type or ephrinB2
WT/WT
) and ephrinB2 ⌬C/⌬C embryos, but comThus, loss of ephrinB2 seemed not to interfere with the earliest steps of branchial arch development. In the empletely absent in the vast majority of ephrinB2 knockouts (91%; n ϭ 23; Figures 4E-4H ). Similar agenesis of aortic bryonic hindbrain, Eph/ephrin molecules are expressed in rhombomere-specific patterns and appear to be inarches occurred in the proportion of ephrinB2 knock- , and control animals, indicating that this structure developed mesenchyme and perhaps endothelium in the branchial arches, we followed the pathway of migrating crest cells normally in spite of partial or complete loss of ephrinB2 function (Figures 5D-5F ). The homeobox gene hoxb1 is populating this structure by whole-mount in situ hybridization with a crabp1 antisense probe. Specific staining a marker for the fourth rhombomere and streams of crest cells emerging at the r4 neural folds (Studer et in wild-type embryos at E9.5 (20-25 somites) could be seen in streams of cells migrating ventrally into the al., 1998). This characteristic expression pattern was detectable in all ephrinB2 mutant lines (Figures 5H and arches as well as other target regions ( Figure 6A ). We found this late migration of crabp1-positive cells to be 5I). Expression levels in both rhombomere 4 and r4-derived crest cells, however, were reduced in ephrinB2 severely disrupted in ephrinB2 null mutants. Only a few labeled cells were visible in the distal and proximal areas null animals ( Figure 5I ). EphrinB2 ⌬C was sufficient to largely, but not fully, restore hoxb1 expression levels and the signal was even weaker in the central part of the second arch ( Figure 6C ). Cranial crest cells were no compared to ephrinB2 WT/WT ( Figures 5G and 5H ) or wildtype controls (data not shown). Similar results were oblonger migrating in a well defined stream, were scattered, and invading adjacent areas that were normally tained by staining for crabp1: lower levels of crabp1 expression were found in the cranial region of ephrindevoid of signal in control embryos (arrowheads in Figures 6A-6C) . Expression of ephrinB2 ligand lacking its B2 KO/KO mutants, and this reduction was most prominent for r4-derived crest ( Figure 5L ). Like hoxb1 expression, cytoplasmic domain was, however, sufficient to largely restore the normal pattern of crest migration into the crabp1 levels were largely restored in ephrinB2 ⌬C/⌬C embryos ( Figure 5K) WT/WT embryos contained a highly Reverse Signaling Using an in vitro sprouting assay as a correlate of in developed, hierarchically organized vascular system with large diameter blood vessels branching into smaller vivo sprouting angiogenesis, we had previously demonstrated that ephrinB1 and ephrinB2 ligands had stimulavessels ( Figures 7A and 7B) WT/WT control animals (data not shown). phogenesis, but not angiogenesis. If lack of Eph Reduced expression of the endogenous tie2 gene in receptor activation due to insufficient ephrin clustering ephrinB2 KO/KO and ephrinB ⌬C/⌬C embryos was confirmed caused the angiogenesis defect, one would have to arby whole-mount immunohistochemistry using anti-Tie2 gue that the mechanism of ephrin clustering is different antibodies (Figures 9E and 9F) . In contrast, expression of in branchial arch ectoderm/mesenchyme and endothevascular endothelial growth factor receptor-2 (VEGFR2) lial cells. However, there is currently no evidence in favor was unaffected in ephrinB2 mutants (Figures 9H and of such differential mechanisms. Previous work has also 9I). We next determined the levels of Tie2 mRNA by demonstrated that ephrinB1, a homolog of ephrinB2, semiquantitative RT-PCR analysis using GAPDH as ref-
sense probe labeling neural crest cells that give rise to Schwann mutants (K). cells in the trigeminal ganglion and facial nerve (arrows). (J) WildScale bar in (L) is 50 m in (A)-(C) and 100 m in (D)-(L). type, (K) ephrinB2

nerves, demonstrating that the defects in ephrinB2 null 7L) (Adams et al., 1999). These findings provide genetic proof that ephrinB2 requires a cytoplasmic domain to mutants were specific and did not cause a general disruption of patterning and migration in the hindbrain
can be located in sphingolipid/cholesterol-enriched raft erence. It was confirmed that the levels of VEGFR2 membrane microdomains, which was not the case for mRNA were unchanged in both ephrinB2 mutants. In a carboxyterminally truncated version of the ligand contrast, the levels of tie2 mRNA and its cognate ligand (Brü ckner et al., 1999). Potential alterations in plasma angiopoietin-1 (Ang1) were significantly reduced relative membrane microdomain localization are apparently not to VEGFR2 mRNA (Figures 9J and 9K) 
